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Despite extensive investigation, the precise mecha-
nism controlling the opening of the cytoplasmic
proton uptake pathway in bacteriorhodopsin (bR)
has remained a mystery. From an analysis of the
X-ray structure of the D96G/F171C/F219L triple
mutant of bR and 60 independent molecular
dynamics simulations of bR photointermediates, we
report that the deprotonation of D96, a key residue
in proton transfer reactions, serves two roles that
occur sequentially. First, D96 donates a proton to
the Schiff base. Subsequently, the deprotonation of
D96 serves to ‘‘unlatch’’ the cytoplasmic side. The
latching function of D96 appears to be remarkably
robust, functioning to open hydration channels
in all photointermediate structures. These results
suggest that the protonation state of D96 may be
the critical biophysical cue controlling the opening
and closing of the cytoplasmic half-channel in bR.
We suspect that this protonation-switch mechanism
could also be utilized in other proton pumps to
minimize backflow and reinforce directionality.
INTRODUCTION
Bacteriorhodopsin (bR), the heptahelical light-driven proton
pump of the archaeon Halobacterium salinarum (Lozier et al.,
1975), is one of the best-studied membrane proteins and one
from which we have derived fundamental knowledge about the
ubiquitous process of proton transport. Absorption of an actinic
photon isomerizes a lysine-linked retinal chromophore from an
all-trans to a 13-cis configuration and triggers a series of confor-
mational changes in the protein that drive a vectorial transfer of
a proton from the cytoplasm to the extracellular (EC) side of
the plasma membrane. During the catalytic photocycle, bR tran-
sitions between several discrete intermediate states that can be
characterized by time-resolved spectroscopy, termed the K, L,
M, N, and O states, before returning back to the ground (bR)
state (Haupts et al., 1999; Heberle, 2000; Hirai et al., 2009; Lanyi,
2004, 2006). In this study, we highlight how the protonation state290 Structure 21, 290–297, February 5, 2013 ª2013 Elsevier Ltd All rof residue D96mechanistically regulates a key substrate-loading
step in the transition between the N and O intermediates.
The structure of bR can be conceptually divided into two func-
tional half-channels that are separated from one another by the
retinal chromophore: the EC half encompassing the proton
release pathway and the cytoplasmic (CP) half comprising the
proton uptake pathway. Structural and functional studies have
shown that a complex hydrogen-bonded network (Garczarek
et al., 2005; Garczarek and Gerwert, 2006; Lo´renz-Fonfrı´a
et al., 2008; Luecke et al., 1998; Maeda et al., 2006; Mathias
and Marx, 2007; Rammelsberg et al., 1998; Wolf et al., 2010),
including ionizable residues and water, spans from the Schiff
base to the EC surface. Studies have also investigated structural
changes occurring during the photocycle, which have the poten-
tial to impact the process of proton transfer between the Schiff
base and the EC surface (see reviews Haupts et al., 1999; Hirai
et al., 2009). Despite this abundance of work, only one study
explicitly addresses the energetics of proton transfer in the EC
half channel (Braun-Sand et al., 2008). This means that our
understanding of the relationship between structural changes
and proton transfer itself in the EC half channel remains incom-
plete and developing such understanding will require additional
experiments and computation.
If the story on the EC side remains incomplete, the CP proton
uptake pathway has been evenmore challenging to characterize
because of the lack of clearly connected sets of ionizable resi-
dues between the Schiff base and the CP surface and relatively
little high-resolution structural information on which to base
simulations. An intriguing problem is that one of the few ionizable
residues in theCPhalf channel, D96, lays buried in a hydrophobic
environment 12 A˚ from the Schiff base and 7 A˚ from the CP
surface. Despite its local environs, D96 is known to serve as
the key proton donor for the Schiff base (Butt et al., 1989;
Gerwert et al., 1989; Holz et al., 1989; Otto et al., 1989; Stern
et al., 1989; Tittor et al., 1989) and to be transiently hydrated
by the cytosolic water (Cao et al., 1991; Luecke et al., 1999,
2000; Scha¨tzler et al., 2003; Schobert et al., 2003). For clarity,
we define the CP half channel as the conducting path extending
the entire length from the cytoplasm to the Schiff base.
The mechanisms by which protons are transferred to and
from D96 remain unresolved despite significant inquiry
(Cao et al., 1991; Freier et al., 2011; Kandt et al., 2004; Luecke
et al., 1999, 2000; Scha¨tzler et al., 2003; Schobert et al., 2003).
Most hypotheses propose that water molecules contribute toights reserved
Table 1. Data Collection and Refinement Statistics
Data Reduction and Resolution Range
Space Group P6(3)
a, b, c (A˚) 60.931, 60.931, 107.701
a, b, g () 90, 90, 120
Data reduction resolution range
(A˚)/high res
52.78–2.65/2.82–2.65
Total observations/high resolution 41,402/4,877
Unique structure factors/high resolution 6,600/928
Average I/s(I)/high resolution 7.8/1/6
Completeness (%)/high resolution 99.6/98.1
Rmerge (%)/high resolution 0.208/1.085
Refinement Statistics (refinement resolution range 19.25–2.65 A˚)
Twin ratio 99.5/.5
Number of protein atoms 1,738
Number of retinal atoms 20
Number of water molecules 30
Number of lipid atoms 97
R factor (%) for data resolution
range/all data
22.5/23.7
Rfree (%) for data resolution
range/all data
25.0/24.0
Average protein B (A˚2) 38.9
Average retinal B (A˚2) 19.4
Average water B (A˚2) 43.2
Average lipid B (A˚2) 57.9
Deviation from ideal bond lengths (A˚) .030
Deviation from ideal bond angles () 2.9
Ramachandran Plot Regions (Procheck)
Favored (%) 91.1
Allowed (%) 98.4
Number of outliers 0
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Deprotonation of D96the transfer of protons to and from D96 (Cao et al., 1991; Freier
et al., 2011; Luecke et al., 1999, 2000; Scha¨tzler et al., 2003;
Schobert et al., 2003). While spectroscopic and neutron
scattering experiments (Cao et al., 1991; Maeda et al., 2006;
Morgan et al., 2007) suggest that changes in hydration occur
during the late phases of the photocycle, the specific role of
the water in proton transport (while likely important) remains
unconfirmed.
Recently, Freier et al. (2011) have proposed a model that
suggests that a reorganization of internal water molecules,
absent any influx of water from the cytosol, may be sufficient
to establish a proton conducting path between D96 and the
Schiff base. Whereas the discovery by Freier et al. (2011) sheds
new light on the dynamics of internal water molecules, demon-
strating that protons explicitly move along this transient path
would require additional modeling of the electrostatics (Burykin
and Warshel, 2003; Kato et al., 2006). The question of how
D96 might be reprotonated during the N-O transition is even
less well studied. Like the transfer between D96 and the Schiff
base, absence of a clear connection between D96 and the
bulk suggests that water might be intimately involved at some
point in the reprotonation process. Understanding structural
factors altering the reorganization of water in the CP channel is
therefore also important.
The reprotonation of the Schiff base by D96 has traditionally
been thought to be mediated by, or at least accompanied by,
a relatively large structural deformation that begins in the M
intermediate and persists through the N intermediate. This struc-
tural deformation involves a tilt (outward from the protein axis
perpendicular to the membrane plane) of the CP ends of helices
E, F, and G (Chen and Lanyi, 2009; Haupts et al., 1999; Hirai
et al., 2009; Oka et al., 2000, 2002; Vonck, 2000). Additional
rearrangements also occur on helix B. The propagation of intra-
molecular stresses caused by the isomerization of the retinal
chromophore is thought to trigger this opening. The role of this
tilt in controlling the dynamics of water in the CP channel has
not been completely explored.
We sought to investigate this question and other events
leading to the opening of the proton uptake channel. We began
by solving a 2.65 A˚ X-ray crystallographic structure of the D96G/
F171C/F219L triple mutant of bR (crystallization statistics pre-
sented in Tables 1 and S1 [available online]; Protein Data Bank
4FPD). Themutant provides a logical starting point for this study,
as its ground state is considered analogous to that of the wild-
type N intermediate (Subramaniam and Henderson, 2000; Tittor
et al., 2002). Due to the highly unstable nature of the detergent
solubilized triple mutant protein, crystallization in meso was
accomplished using a unique formulation of phosphatidyletha-
nolamine-based lipids previously described in detail by Lunde
et al. (2006) (Figure S1).
RESULTS
X-Ray Crystal Structure of bR Triple Mutant
The identity of the triple mutant was verified by inspecting the
structural model and electron density maps (Figure S1). Most
of the structural displacements relative to the ground state occur
in helices E, F, and G on the CP side. The largest of these dis-
placements occurs on helix F, which has an observed averageStructure 21, 29outward tilt of 14.70 ± 1.48, as measured by the average tilt
angle between the a carbon of the hinge residue P186 and the
Ca of residues 164–171 (Figure 1A). The electron density maps
in the EF-loop and terminal of helix G regions are shown in Fig-
ure S1. This tilt results in a 9.71 A˚ displacement of the Ca of
the helix F residue E166 from its wild-type ground state position
(Figure 1B), which is the largest single displacement. The
residues of the E-F loop and the terminus of helix G also show
large displacements. For instance, the Ca of S162 on the CP
end of helix E is displaced by 4.4 A˚ and, beginning at hinge
residue 219, helix G tilts toward helix F and the Ca of R227
moves 3.1 A˚ away from the wild-type resting state position.
Several rotations around dihedral angles occur between resi-
dues 225 and 226 (psi rotates 78) and residues 226 and 227
(psi rotates 119). These rotations, along with other smaller
local adjustments, result in the movement of the side chain of
R225 from an externally pointing position in the ground state to
an internally pointing position in the triple mutant. In addition,
these rotations induce a movement of the backbone of helix G
toward the position formally occupied by helix F, prior to its
outward tilt. Despite the large-scale structural perturbation,0–297, February 5, 2013 ª2013 Elsevier Ltd All rights reserved 291
Figure 1. Triple Mutant bR Structure
Alignments of the triple mutant (colored) to the wild-type ground state struc-
ture (silver) are shown along the membrane plane (A) and from the CP surface.
(A) The color scale represents multiples of the Luzzatti coordinate error,
illustrating the significance of conformational change. Helix F tilts outward
from the ground state structure by 14.70 ± 1.48.
(B) Movement of the helix F end relative to the ground state as viewed from the
CP surface. Arrows indicate direction of movement relative to the wild-type
ground state starting point.
See also Figure S1 and Table S1.
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Deprotonation of D96a solvent-accessible surface showed that the proton uptake
pathway remained functionally closed, terminating on F42.
This residue has been previously hypothesized to act as a
dynamic gate controlling water and ion flow between the cytosol
and the CP half channel (Friedman et al., 2003; Scha¨tzler et al.,
2003).292 Structure 21, 290–297, February 5, 2013 ª2013 Elsevier Ltd All rSimulating the N Intermediate
Using 4FPD to further inform our understanding of the reprotona-
tion of D96, we constructed a model analogous to the wild-type
N intermediate structure by restoring the three mutated residues
to their wild-type identities (for a detailed description see
Supplemental Experimental Procedures). The resulting model
was used as a starting point for 12 molecular dynamics (MD)
simulations. Nine of these simulations modeled D96 in the de-
protonated form, while the residue was modeled as protonated
in the remaining three. In the three simulations designed tomimic
the N state, the side chains of D85 and D115 were both pro-
tonated, and D96 was deprotonated (see Table S3 for
pfdND85D115-1, -2, and -3). We observed a functional opening
occurring either immediately, or within 10 ns of removing
restraints on the protein in the simulations with deprotonated
D96 (see Movie S1). We characterized a functional opening by
increases in D96-F42 side chain distance, the number and
dynamics of water molecules in the D96-K216 cavity, and the
solvent-accessible surface area of D96 (Figure 2). A water
channel formed that extended from the cytosol to the Schiff
base. The entrance of the channel was lined by the charged resi-
dues D38, K41, D102, and R227, previously proposed to act as
a proton collecting antenna (Scha¨tzler et al., 2003). The channel
narrowed to a bottleneck of 1.24 A˚ at D96 near a narrow hydro-
phobic cluster formed by residues F42, I45, L92, L95, L97, L99,
L100, and L223 (Figure 3). The bottleneck at D96 is narrowly
gated and allows the passage of a single water molecule at
a time. The location of the channel gate and its hydrophobic
property are in good agreement with the previously proposed
‘‘hydrophobic gate’’ hypothesis (Dencher et al., 1992; Dioumaev
et al., 1999; Scha¨tzler et al., 2003). Whereas monitoring water
penetration does not give us direct mechanistic insight into the
specific mechanism of proton transfer, it is well accepted that
the change in hydration of the CP half channel is likely to play
a significant role in defining the local environment that otherwise
facilitates the process, even if indirectly. Hydration is, therefore,
an important and critical measure of a change in functional state.
Channel opening resulted in minor conformational changes
away from the starting model and in highly dynamic exchanges
of water between the cytoplasm and the open half channel.
The conformations of the CP ends of helices B, F, and G average
an RMSD of 2.20 A˚ relative to the coordinates of the starting
structure. The CP half channel remained open throughout the
simulation, typically filled with 3–4 water molecules. In total,
261 different water molecules accessed the D96-K216 cavity
during the 87 ns simulation (Figure 3D). These water molecules
were highly dynamic, and most of them just transiently visited
the cavity. Only nine water molecules showed a residence time
longer than 10 ns. In sharp contrast to the channel opening
observed above, when D96 was protonated, the channel re-
mained closed (simulations labeled with green symbols in Fig-
ure 2). Throughout these simulations, the protonated D96 was
completely buried, as indicated by the small solvent-accessible
surface area, and the D96-F42 side chain distance remained
static. Only either one or two water molecules accessed the
D96-K216 in each of these simulations.
To further investigate the functional consequences of D96’s
protonation state, we also performed a set of similar MD simula-
tions using 1P8U, a model of the N0 state derived from the V49Aights reserved
Figure 2. Dynamics in the Vicinity of D96 in the Simulations Based on the Triple Mutant Structure
In each of these simulations the three mutations D96G, F171C, and F219L in the crystal structure were modeled back to the wild-type. Each box summarizes one
metric measured throughout one complete simulation. For each simulation, the D96-F42 side chain Cg-Cg distance (cyan), the RMSDof the CP ends of helices B,
F, and G (green), the number of water molecules in the D96-K216 cavity (red), and the SASA of D96 (black) are each plotted against the simulation time. The nine
simulations summarized in the three left-most columns are each labeled by a red symbol corresponding to those used in Figure 4 and Table S3. In these
simulations, D96 is deprotonated. The right-most column shows the results of three simulations that are labeled with a green symbol corresponding to those used
in Figure 4 and Table S3. In these three simulations, D96 is protonated. See also Figure S2, Tables S2 and S3, and Movie S1.
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Deprotonation of D96mutant (Schobert et al., 2003). In these simulations, the CP half
channel functionally opened when D96 was deprotonated and
remained closed when D96 was protonated (Figure S2a). In
one such simulation, the CP channel functionally opened at
20 ns and remained open throughout the rest of the simulation.
In addition, in this simulation, the CP end of helix F tilted outward
from residue V179, adopting a conformation that resembles the
more structurally-open states of corresponding residues in
4FPD-based simulations. The CP tip of helix B also deformed
and swung toward helix A. Despite all of these conformational
changes, water exchange with the cytoplasm was nevertheless
slower than what was observed in simulations of 4FPD. Fourteen
of the 169 water molecules that accessed the D96-K216 cavity
stayed longer than 10 ns (Figure S2e), including the four crystal
water molecules that stayed longer than 20 ns. Control simula-
tions were conducted by modeling a high salt environment, by
restoring V49, and adding the EF-loop missing in the original
structure (Figure S2b), and all showed little difference in func-
tional behavior. The inescapable conclusion that emerges fromStructure 21, 29the simulations starting from either the N0 or N state structures
is that the deprotonation of D96 triggers the functional opening
of the CP half channel.
Phenotype Robustness and Control Simulations
We wanted to address if the D96-linked channel opening was
robust to the protonation states of other ionizable sites and other
starting structural models. We therefore performed a series of
simulations in which the protonation states of other ionizable
residues, including D85, D115, E194, and E204, were also varied
in the context of eight crystal structures of ground (bR), K, L, M1,
M2, N, and N0 states (Tables S2 and S3). With D96 as the focus,
we made at least two models for each crystal structure: one with
deprotonated D96 and the other protonated, in which other
ionizable side chains (D85, D115, E194, and E204) were set to
the state expected in the corresponding photointermediate
state. Additional control models and simulations of intermediate
states were conducted in which the protonation states of D85,
D115, E194, and E204 were again changed.0–297, February 5, 2013 ª2013 Elsevier Ltd All rights reserved 293
Figure 3. Channel Opening in a Simulation
of an N-State Intermediate with Deproto-
nated D96 and Protonated D85 and D115
(A)–(C) show the last snapshot of the 87 ns simu-
lation pfdND85D115-1 as denoted in Table S3.
(A) The model is viewed from the CP side. Six
water molecules are displayed in the D96-K216
cavity (red ball). D96 was exposed to the CP bulk
and surrounded by a hydrophobic cluster formed
by F42, I45, L92, L95, L97, L99, L100, and L223
(green stick and yellow surface).
(B) The pink surface depicts a contiguous water
channel, connecting the cytoplasm with K216 and
passing by D96. Four water molecules were in the
channel, forming a hydrogen-bonded water chain.
(C) The helices (purple) remained close to the
starting conformation (white).
(D) Shows the binary occurrence of each of the
261 water molecules that accessed the D96-K216
cavity through the 87 ns simulation. Each row in
the y-axis represents a single water molecule. The
red line indicates the presence and white indicates
the absence of each respective water molecule in
the protein interior. Only nine water molecules had
a residence time longer than 10 ns.
See also Figure S2 and Table S2.
Structure
Deprotonation of D96A consistent picture emerged from these additional simula-
tions. The functional opening of the CP half channel was again
dependent solely on the protonation state of D96, regardless
of the starting structures or the states of other ionizable sites
(Figure S3). The number of water molecules that transiently
accessed the D96-K216 cavity during the 36 simulations with
deprotonated D96 ranged from 20 to 1,002, depending on the
starting protein conformation (Figure 4; Table S3). These water
molecules are highly dynamic, having a residence time ranging
between 60 ps to 10 ns. Structural inspection revealed that
a stable contiguous chain of water connecting D96 and the Schiff
base with the cytoplasm formed in 34 of the 36 simulations (e.g.,
Movies S2) and the water chain was absent only in 2 of the 36
simulations. This observation implies that the Schiff base may,
at some point, be directly connected to the cytoplasm, the
implications of which are discussed below. Greater conforma-
tional flexibility of the CP ends of helices B, F, andG than the cor-
responding structures simulated with protonated D96 was also
observed (Table S3). This result suggests that the protonation
state of D96 has a profound influence on the conformational
stability of the helices on the CP side of the protein and that
this lack of stability can lead to increased hydration of the CP
half channel. By contrast, when D96 was protonated, the
channel remained closed irrespective of the starting structures
or the states of other ionizable sites.294 Structure 21, 290–297, February 5, 2013 ª2013 Elsevier Ltd All rights reservedDISCUSSION
Despite numerous previous MD simula-
tions on bR, the opening of the proton
uptake channel has not been previously
reported. This is likely a byproduct of
previous MD simulations focusing largely
on proton release and the correspondingevents occurring in the EC half channel. In the vast majority of
these simulations, D96 was justifiably modeled in its protonated
state (Baudry et al., 2001; Jang et al., 2004; Kandt et al., 2004,
2005). Even in the very few simulations in which D96 was
modeled as deprotonated, the simulations were either very short
(1–2.5 ns) (Grudinin et al., 2005; Sato et al., 2006) or F42was con-
strained (Onufriev et al., 2003). The N intermediate was recently
simulated based on the N0 crystal structure 1P8U, and water
exchange with the cytoplasm was observed in two of the four
20 ns simulations with deprotonated D96 (Freier et al., 2011).
However, the authors focused on reporting the reorganization
of internal water molecules involved in the reprotonation of the
Schiff base in the CP half channel and did not report the extent
of water exchange with the cytosol or any evidence of a struc-
tural/functional opening of the CP half channel. Coincidentally,
in our work, the six simulations involving 1P8U in which D96
was deprotonated and D85 and D115 were protonated showed
evidence for decreased water exchange with the bulk versus the
state in which all three of these residues were deprotonated. The
kinetics observed in our simulations (Figure S2) for these six
models suggests that the extent of water exchange may have
been difficult to appreciate in the previously published 20 ns
simulations.
Our simulations indicate that, irrespective of starting state,
a channel connecting the cytoplasm directly to D96 does not
Figure 4. Number of Water Molecules that Accessed the D96-K216
Cavity in Each of the 60 Simulations
Simulations starting from a same crystal structure are boxed in one column.
Red symbols represent the simulations in which D96 is deprotonated, while
green symbols represent the simulations in which D96 is protonated. Each
individual simulation is represented with a different shaped symbol, which
corresponds directly to the symbols used in Table S3 and reported in Figure 2.
The y-axis is log10-scaled.
See also Figure S3, Tables S2 and S3, and Movie S2.
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Deprotonation of D96open when D96 is protonated, and conversely, when D96 is
deprotonated, the structure is likely to open (detailed kinetic
data is shown in Figure S3). This opening may be mediated by
the increased conformational flexibility of the ends of helices
B, F, and G. The deprotonation of D96 appears, however, to
be important in latching/unlatching the gate controlling flow of
water between the cytoplasm and D96. We therefore posit
a mechanism for a two-state model for the N intermediate that
could be characterized by structurally distinct states, one corre-
sponding to pre-D96 deprotonation and the other corresponding
to post-D96 deprotonation.
In this two-state mechanistic model, the initial deprotonation
of the D96 is mediated by a drop in the side chain pKa
from >12 in the ground state (Sza´raz et al., 1994) to 7.1 in the
N state (Dioumaev et al., 2001; Zscherp et al., 1999), likely
a consequence of a reorganization of internal water molecules
in the space between D96 and the Schiff base and a disruption
of the D96-T46 hydrogen bond (Facciotti et al., 2001; Luecke
et al., 2000). Our simulations show that when D96 is protonated,
the D96-T46 hydrogen bond may either remain intact or break
depending on the starting protein conformations (Figure S4).
Breaking of the D96-T46 hydrogen bond alone is therefore insuf-
ficient to open awater-conducting channel in theCP half channel
even in structures that have undergone large conformational
changes on the CP side. The structural rearrangements associ-
ated with the breakage of the D96-T46 hydrogen bond may,
however, be sufficient to reorganize internal water molecules
between D96 and the Schiff base to facilitate proton transfer
(Freier et al., 2011). This proposed set of molecular events is
consistent with the two-step reprotonation model proposed by
Zscherp et al. (1999), in which D96 serves as an internal proton
donor whose function is pH-independent.Structure 21, 29Our simulations suggest that the deprotonation event subse-
quently ‘‘unlatches’’ the CP half-channel, thereby establishing
a hydration channel (and by consequence a second structural
state) that may mediate the reprotonation of D96 from the bulk
in a pH-dependent manner, a view again consistent with the
data and two-step process suggested by Zscherp et al. (1999).
In this model, the formation of a continuous water channel ex-
tending from the Schiff base to the cytoplasm is not a problem,
provided that the pKa of the Schiff base remains sufficiently
higher than pH of the cytoplasm or D96. Since the ground state
pKa of the Schiff base has been reported to be in the neighbor-
hood of 13 (Druckmann et al., 1982; Sheves et al., 1986), it not
unreasonable to suspect that a dramatic rise in the pKa occurs
after reprotonation; perhaps it might bemediated by neighboring
counter ions such as D212. We note explicitly that the above
represents a hypothesis drawn from the currently available
data. The biophysical role of water in mediating the proton trans-
fer must, however, ultimately rely on electrostatic calculations
that use techniques such as empirical valence bond treatment,
as previously demonstrated by Warshel and colleagues (Braun-
Sand et al., 2008; Kamerlin andWarshel, 2011; Kato et al., 2006).
This work has allowed us to refine our understanding of the N
intermediate in bR and the potential role of previously described
structural deformations on the CP side of the protein. The
protonation state-dependent constraint on opening of the CP
half channel also has functional relevance that may extend to
other proton pumps. The concomitant dual role of D96 as both
proton donor and ‘‘latch’’ for the CP gate and requiring that
deprotonation occur prior to unlatching thus helps to determine
the directionality of the pump by minimizing the likelihood of
backflow.
EXPERIMENTAL PROCEDURES
Full crystallization, data analysis, and simulation methods and all associated
references are presented in the Supplemental Information. MD simulations
were carried out using the AMBER 11 program (Case et al., 2005) and the
AMBER ff03 force field (Duan et al., 2003).
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